Abstract: Dinophysoids are a group of thecate dinoflagellates with a very distinctive thecal plate arrangement involving a sagittal suture: the so-called dinophysoid tabulation pattern. Although the number and layout of the thecal plates is highly conserved, the morphological diversity within the group is outstandingly high for dinoflagellates. Previous hypotheses about character evolution within dinophysoids based on comparative morphology alone are currently being evaluated by molecular phylogenetic studies. Sinophysis is especially significant within the context of these hypotheses because several features within this genus approximate the inferred ancestral states for dinophysoids as a whole, such as a (benthic) sand-dwelling lifestyle, a relatively streamlined theca and a heterotrophic mode of nutrition. We generated and analysed small subunit (SSU) rDNA sequences for five different species of Sinophysis, including the type species (S. ebriola, S. stenosoma, S. grandis, S. verruculosa and S. microcephala). We also generated SSU rDNA sequences from the planktonic dinophysoid Oxyphysis (O. oxytoxoides). Temperate and tropical species as well as the complete spectrum of thecal ornamentation within Sinophysis was addressed in our study. The sequences from the Sinophysis species formed a robust monophyletic group that was the sister to a robust clade consisting of all other dinophysoid genera, including Oxyphysis, in some analyses. Although the sister relationship received weak statistical support, this tree topology was consistent with inferences based on comparative morphology.
Dinophysoids are a morphologically diverse group of dinoflagellates with a highly distinctive thecal plate pattern involving a sagittal suture (e.g. Kofoid & Skogsberg 1928; Taylor 1976; Fensome et al. 1993) . Character evolution within dinophysoids has been hypothesized based on morphology alone (e.g. Tai & Skogsberg 1934; Abé 1967a, b, c; Taylor 1980; Hoppenrath et al. 2007 ) and is only now being evaluated by molecular phylogenetic studies of ribosomal gene sequences Hastrup Jensen & Daugbjerg 2009; Gómez et al. 2011 Gómez et al. , 2012 . Comparisons of extant morpho-species suggest that the ancestral dinophysoids were benthic and consisted of relatively streamlined cells that subsequently evolved more elaborate extensions of the theca in association with planktonic lifestyles (e.g. expansions of the cingular and sulcal lists in Histioneis and Ornithocercus). Different habitats, modes of nutrition and levels of toxicity are known in dinophysoids, but these features are not understood within a molecular phylogenetic context.
Of the 12 genera and about 280 species of dinophysoids recognized today, only one genus is benthic: Sinophysis Nie and Wang (e.g. Hoppenrath 2000; Selina & Hoppenrath 2004; Chomérat et al. 2009 ). Sinophysis consists of seven species: S. microcephala (the type) and S. canaliculata are found in tropical habitats and S. ebriola, S. grandis, S. stenosoma, S. minima and S. verruculosa are found in temperate habitats (Herdman 1924; Nie & Wang 1944; Balech 1956; Quod et al. 1999; Hoppenrath 2000; Selina & Hoppenrath 2004; Chomérat et al. 2009 ). Selina & Hoppenrath (2004) and Chomérat et al. (2009) have previously addressed the distinctive morphological features within this genus. We were interested in using a broad sampling of molecular phylogenetic data to test whether the relatively streamlined theca, heterotrophic mode of nutrition and a benthic life style (Auinger et al. 2008) . The sequences from Canadian isolates were generated using the methodology described in Hoppenrath et al. (2009) . The sequences from Germany were generated using the same procedure up to the first round of PCR. These samples were finished in France by the protocol described in Chomérat et al. (2010 Chomérat et al. ( , 2011 . Following the second round of PCR, the amplicons were either directly sequenced as described in Chomérat et al. 2010 , or cloned into a pCR 2.1-TOPO vector using the TOPO-TA Q2 cloning kit (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's recommendations. In order to consider the secondary structure of small subunit (SSU), sequences of 61 operational taxonomic units (OTU) were aligned using S Q3 INA aligner (online version v1.2.9, available at http:// www.arb-silva.de/aligner/) (Pruesse et al. 2007) . The matrix was then analysed by maximum likelihood (ML) using PHYML Q4 v. 3.0 (Guindon et al. 2010) and Bayesian inference (BI) using Mr Bayes v. 3.1.2 (Ronquist & Huelsenbeck 2003) . The best-suited nucleotide model was determined using jModeltest v. 0.1.1 (Posada 2008) . A model GTR + I + G 4 was chosen for ML analysis and BI (nst ¼ 6). Branch support was assessed with bootstrap values calculated from 1000 pseudoreplicates in ML. For Bayesian analysis, four Markov chains were run simultaneously for 2 000 000 generations (sampled every 100 generations) in two independent runs. A majority-rule consensus tree was constructed from 18 000 post burn-in trees that were used to calculate the posterior probabilities of the nodes.
Results and discussion
Small subunit ribosomal DNA (SSU rDNA) gene sequences were obtained for five of the seven known Sinophysis species, namely S. microcephala (the type species), S. ebriola, S. grandis, S. stenosoma and S. verruculosa. Sinophysis microcephala is one of the two known tropical species with The likelihood value was found to be log lk ¼ 214 235. The tree is rooted using Perkinsus marinus sequence as outgroup. Model selected: GTR + I + G 4 . Assumed proportion of invariable sites I ¼ 0.366. Rates at variable site assumed to be gamma distributed with shape parameter a ¼ 0.529. Assumed nucleotides frequencies
.20255 and G ↔ T ¼ 1.00000. Support above branches: ML bootstraps (1000 pseudoreplicates)/Bayesian posterior probabilities (2 000 000 generations). ' + ' indicates a bootstrap value ,65 or a Bayesian posterior probability ,0.75. Absence of value indicates the existence of the branch in ML (not supported) but an irresolution in BI. Sequences acquired in this study are in bold type. Symbols for geographic origin of isolates: B, Brittany (France); BC, British Columbia (Canada); G, Germany; M, Martinique Island (France). 117  118  119  120  121  122  123  124  125  126  127  128  129  130  131  132  133  134  135  136  137  138  139  140  141  142  143  144  145  146  147  148  149  150  151  152  153  154  155  156  157  158  159  160  161  162  163  164  165  166  167  168  169  170  171  172  173  174 ornamented (areolated) thecal plates with a slightly domed epitheca (Fig. 1a) . Attempts to sequence the second tropical species with a similar morphology, S. canaliculata, failed. The only temperate species with slight ornamentation (verrucose) of the theca, S. verruculosa, was isolated from Brittany , France 175  176  177  178  179  180  181  182  183  184  185  186  187  188  189  190  191  192  193  194  195  196  197  198  199  200  201  202  203  204  205  206  207  208  209  210  211  212  213  214  215  216  217  218  219  220  221  222  223  224  225  226  227  228  229  230  231  232 ( Fig. 1b) . Multiple sequences were obtained from the other three temperate species (Fig. 1c -e) isolated from different regions worldwide: S. ebriola and S. stenosoma were isolated from Canada and France; S. grandis was isolated from Canada, Germany and France. All of the Sinophysis species clustered together in a monophyletic group with strong statistical support (Fig. 2) . Different sequences for identified morpho-species also clustered together, supporting the current species delimitations (Fig.  2) . Two subclades were recognized within the S. grandis clade (Fig. 2) : one subclade included the isolates from Brittany, France and the second subclade included the isolates from Canada (from one site) and Germany (from two sites). This is a first indication for unrecognized (cryptic) species and should motivate further detailed morphological, biogeographical and molecular studies on the genus. The phylogenetic positions of S. verruculosa and S. microcephala were unstable within the Sinophysis clade in different analyses (not shown). The latter species had a very long branch, so its unstable phylogenetic position is interpreted to reflect methodological artefacts (e.g. long-branch attraction). Nonetheless, the relatively divergent branch of S. microcephala reflects the divergent morphology and habitat of this species. This species differs from that of the other analysed (temperate) species by a strongly areolated thecal ornamentation and a domed epitheca. It is also the only tropical species represented in the Sinophysis clade. Additional sequences from tropical species with a similar morphology, such as S. canaliculata, would establish whether or not the tropical species had sequences with similar branch lengths (i.e. strong rate heterogeneity) and phylogenetic positions when compared to the temperate species. A second analysis of an alignment with shorter sequences (Fig. 3) included both Sinophysis taxa published by Gómez et al. (2012) . The species identifications for these two sequences are ambiguous; the reported light micrographs do not allow rigorous evaluation. Nonetheless, the S. 'grandis' specimen clustered together with our S. ebriola and the S. 'ebriola' specimen had a very unusual morphology and branched as sister to S. verruculosa.
The sequences from the Sinophysis species clustered as the sister clade to a robust clade consisting of all other dinophysoid genera, including Oxyphysis (Fig. 2) . Although the statistical support for a Dinophysales H.W. Graham clade was weak, this topology makes sense in the light of comparative morphology (e.g. Taylor (Fig. 2) . Relatively incomplete SSU rDNA sequences from Amphisolenia and Triposolenia were not included in the initial molecular phylogenetic analyses (Fig. 2 ) in order to maximize the number of unambiguously aligned sites. Nonetheless, the available SSU rDNA sequences did not have enough phylogenetic information to resolve the relationships between the major clades of dinophysoids. In the second shorter analysis including Amphisolenia and Triposolenia (Fig. 3) , the Sinophysis clade branched separately from the other dinophysoid taxa. This topology did not receive statistical support, as shown earlier (Gómez et al. 2012) . Moreover, an Approximately Unbiased (AU) test did not reject that Sinophysis and the other dinophysoid taxa could be monophyletic; Gómez et al. (2012) could therefore not dismiss that Sinophysis might be the sister lineage of the main dinophysoid clade. Sequences from other regions of the rDNA operon for Sinophysis species would provide concatenated alignments that might improve phylogenetic resolution within dinophysoids. Despite several attempts to generate LSU rDNA sequences from Sinophysis species, only one LSU rDNA sequence has been generated so far. This sequence (from S. ebriola) was very divergent from the other dinophysoid LSU rDNA sequences and is considered tenuous because of known problems with pseudogenes, heterogeneity within different species of dinoflagellates and heterologous copies within specimens (Gribble & Anderson 2007; Hart et al. 2007) . The current poor resolution of dinophysoid phylogeny as inferred from ribosomal DNA sequences mirrors the past phylogenetic situation for prorocentroid dinoflagellates (e.g. Hoppenrath & Leander 2008) ; therefore, in all likelihood, analyses of concatenated gene datasets will offer a solution to the current lack of resolution for dinophysoids (Zhang et al. 2007; Murray et al. 2009) .
A hypothetical framework of character evolution within the Dinophysales, as reflected in molecular 233 Fig. 3 . Maximum likelihood phylogeny of the dinoflagellates SSU rDNA sequence dataset (63 OTU, 1241 characters). The likelihood value was found to be log lk ¼ 28595.82. The tree is rooted using Perkinsus marinus sequence as outgroup. Model selected: GTR + I + G 4 . Assumed proportion of invariable sites I ¼ 0.442. Rates at variable site assumed to be gamma distributed with shape parameter a ¼ 0.533. Assumed nucleotides frequencies f(A) ¼ 0.22860;
.68456 and G ↔ T ¼ 1.00000. Support above branches: ML bootstraps (1000 pseudoreplicates)/Bayesian posterior probabilities (2 000 000 generations). ' + ' indicates a bootstrap value ,65 or a Bayesian posterior probability ,0.75. Absence of value indicates the existence of the branch in ML (not supported) but an irresolution in BI. Sequences acquired in this study are in bold type. Symbols for geographic origin of isolates: B, Brittany (France); BC, British Columbia (Canada); G, Germany; M, Martinique Island (France). 291  292  293  294  295  296  297  298  299  300  301  302  303  304  305  306  307  308  309  310  311  312  313  314  315  316  317  318  319  320  321  322  323  324  325  326  327  328  329  330  331  332  333  334  335  336  337  338  339  340  341  342  343  344  345  346  347  348 phylogenetic studies to date, is presented in Figure 4 . Additional clades in the main clade C (Dinophysis s.l. and Phalacroma s.l.) have been published but were not included here because taxonomical revisions are needed to clarify the morphological features characteristic for each clade. This hypothesis should be viewed as a baseline that can be tested and refined with additional molecular phylogenetic studies, different molecular markers and additional morphological studies that revise current taxonomic schemes. The Sinophysis clade (major clade D, Fig. 2 ) can be interpreted as the sister group to the lineage including all other dinophysoid taxa. The heterotrophic, benthic genus is characterized by a small epitheca, very narrow cingular lists, the left sulcal list (LSL) bent to the right lateral side covering the sulcus and oblique cell flattening with the sulcus on the 'right' lateral side. Prior to this study, clade A (Amphisolenia and Triposolenia) has been shown as the earliest diverging dinophysoid clade (relative to all other dinophysoid species). These genera are also characterized by a small epitheca and very narrow cingular lists. The hypotheca is elongated, the arrangement of the two small ventral hypothecal plates (H1 & H4) is distinctive and the LSL is narrow. Photosynthetic endosymbionts have also been acquired in this lineage. These two lineages taken together suggest that 349  350  351  352  353  354  355  356  357  358  359  360  361  362  363  364  365  366  367  368  369  370  371  372  373  374  375  376  377  378  379  380  381  382  383  384  385  386  387  388  389  390  391  392  393  394  395  396  397  398  399  400  401  402  403  404  405  406 the most common ancestor of dinophysoid dinoflagellates was most likely heterotrophic with a very small epitheca, with narrow cingular and sulcal lists and with the synapomorphic characters: (1) sagittal (serrate) suture over the whole cell; (2) flagella emerging from one pore; and (3) rhabdosomelike organelles.
The distinctive morphological characters present in the other dinophysoid clades are summarized in Figure 4 . Whether shape and size of the epitheca; the general morphology of the LSL (size, shape, ribs, etc.); the size, shape and direction of the cingular lists; and the micromorphology of the ventral area (small plates and pores) are of taxonomic and phylogenetic value remain to be determined. The possibility of convergent evolution within the dinophysoids and the polyphyly of morphologically defined genera (e.g. Dinophysis) are still uncertainties. On the other hand, the branching order of Oxyphysis as the sister lineage to Phalacroma rotundata has been confirmed in our study. However, the very recent transfer of Oxyphysis into the genus Phalacroma (Gómez et al. 2011 ) was premature in our opinion. Significant morphological differences exist between Oxyphysis and Phalacroma and there is still the possibility that Phalacroma s.s., as understood today (only from rDNA sequences), is paraphyletic or polyphyletic. Nonetheless, we agree that the monotypic family Oxyphysaceae is no longer warranted.
The acquisition of photosynthesis happened repeatedly within dinophysoids; for instance, there have been two or three independent gains of cyanobacterial symbionts. Clade A (Amphisoleniaceae or Amphisolenia clade) has endosymbiotic (intracellular) cyanobacteria and in clade C, the common ancestor of Histioneis, Ornithocercus and Citharistes may have gained ectosymbiotic (extracellular) cyanobacteria. In Ornithocercus and Histioneis, cyanobacteria live between the cingular lists and Citharistes has even evolved a special dorsal girdlechamber for cyanobacteria symbionts. A first hint to a probably ongoing endosymbiot establishment in Sinophysis canaliculata has been published (Escalera et al. 2011). Moreover, species within the Phalacroma s.s. clade have (klepto)chloroplasts of haptophyte origin, and species within the Dinophysis s.s. clade have (klepto)chloroplasts of cryptophyte origin. Overall, the entire dinophysoid lineage has a strong affinity for photosynthetic symbionts and several independent symbiotic events have been inferred. The combination of several independently acquired trophic states within one well-defined lineage is novel among dinoflagellates and among eukaryotes as a whole, which makes the Dinophysales a particularly intriguing group for learning more about symbiosis, biodiversity and evolutionary history.
